We investigate within a quark-meson coupling (QMC) model, the structure of the bound Ξ − analysis, and identifies their quantum numbers. We also make predictions for the cross sections for the production of the 15 Ξ − C hypernuclear specta in the (K − , K + ) reaction on a 15 O target within a covariant effective Lagrangian model using the Ξ − bound state spinors obtained within the same QMC model.
The knowledge about the hyperon-nucleon (Y N) and hyperon-hyperon (Y Y ) interactions is still not of the same precision as it is for the nucleon-nucleon (NN) interaction. This is mainly due to the fact that sufficient and precise scattering data on the Y N and Y Y systems are not available because such experiments are difficult to perform due to the short life times of hyperons. This is of vital importance to have precise information about these interactions as they are key to the investigations of several interesting aspects in nuclear and astrophysics. This input is needed in probing the role of the strangeness in the equation of state at high density, as investigated in the cores of neutron stars [1, 2] and in high energy heavy ion collisions at relativistic heavy ion collider (RHIC) located in Brookhaven National laboratory [3] , CERN [4] in Geneva and FAIR facility in GSI [5] , Darmstadt.
During the last decade lattice simulations, which perform the ab initio calculations of quantum chromodynamics (QCD) in the nonperturbative regime, have been developed to calculate baryon-baryon interactions in both nonstrange [6] [7] [8] and strange sectors [9] [10] [11] [12] [13] by the HAL QCD collaboration. However, more studies are needed with improved statistics at the physical pion mass point to stabilize the results of these investigations.
The studies of hypernuclei provide another means to get useful information about the Y N interaction. For the Λ (strangeness S = -1) hypernuclei extensive amount of experimental data are available for some of the structure observables (like binding energies and spins) [14, 15] . This has provided important constraints (see, e.g. [16] for a recent review) on the bare ΛN interactions [17] [18] [19] [20] [21] [22] [23] obtained by fitting the sparsely available ΛN scattering data.
As far as Ξ hypernuclei are concerned, there are some hints of their existence from emulsion events [24] [25] [26] [27] [28] . The (K − , K + ) reaction that leads to the transfer of two units of both charge and strangeness to the target nucleus, provides one of the most promising ways for studying the Ξ hypernuclei. However, in a few experiments performed for this reaction on a 12 C target [29, 30] , no bound state of the hypernucleus 12 Ξ − Be was unambiguously observed because of the limited statistics and detector resolution. Nevertheless, from the studies on the shapes of the continuum spectra observed in these experiments an attractive Ξ − -nucleus potential well depth of about 14 MeV was suggested. On the other hand, in Ref. [31] , a value in the range of 21−24 MeV was obtained for the depth of this potential well from the analysis of scarce emulsion data. At the same time, in a recent study [32] performed for the 12 Ξ − Be hypernucleus within a version of the QMC model [33] that is constructed for applications zero radius was found to be about -21.3 MeV. This quantity, which is comparable with the depth of the conventional Woods-Saxon potential [32, 34, 35] , is similar to the Ξ − -nucleus potential depth obtained in the analysis of Ref. [31] . Thus, the Ξ − -nucleus potential depths obtained in analyses of emulsion and spectrometer data and in alternative theoretical models differ from each other by as much as 10 MeV.
Convincing evidence for the Ξ single-particle bound states is of crucial importance for the extraction of the reliable information on the Ξ single-particle potential and the effective ΞN interaction. Recently, in Ref. [36] , the first unambiguous observation of the bound Ξ This data is known as Kiso event.
In Ref. [37] , the data of the Kiso event have been analyzed within the Relativistic mean field (RMF) and Skyrme-Hartree-Fock (SHF) models. The stated aim of this work was to determine theoretically if the Kiso event corresponds to
configurations, and to determine the magnitude of the attractive potential that was required to reproduce the observed binding energies of the event. However, these authors have fitted the effective interactions used in their calculations to the measured binding energy of the Kiso event, which makes their calculations some what inconsistent.
The aim of this paper is to study the Kiso event within the QMC model. In this model, light quarks within the nonoverlapping nucleon and Ξ − bags (modeled using the MIT bag), interact self-consistently with isoscalar-scalar (σ) and isoscalar-vector (ω) mesons in the mean-field approximation (see, e.g. [38] ). The self-consistent response of the bound light quarks to the mean σ field leads to a new saturation mechanism for the nuclear matter [38] [39] [40] [41] . The parameters of the QMC model (quark-meson couplings and quark masses) were fixed from the nuclear matter saturation properties (see, e.g. Table 13 of Ref. [42] ). Using same set of parameters, the QMC model has been successfully applied to study the properties of finite nuclei [43] and hypernuclei [44] , the binding of ω, η, η ′ and D nuclei [45] [46] [47] and also the effect of the medium on J/Ψ production [42, 47, 48] . We emphasize that no parameter of the model is fitted to the experimental binding of the hypernuclei under study.
We have used the QMC model [33] [32, 49] . This may be useful in identifying the states of this hypernucleus more clearly in a possible future experiment at the JPARC facility in Japan.
In the Sec. II, our formalism is briefly described, where we have given some details of the QMC model and the parameters involved therein. The results of our calculations and their discussions are given in Sec. III. The summary and conclusions of our work are described in Sec. IV.
I. FORMALISM
In the QMC model [38, 39] , quarks within the nonoverlapping nucleon and hyperon bags [44] (modeled using the MIT bag), interact self-consistently with isoscalar-scalar (σ) and isoscalar-vector (ω) mesons in the mean field approximation. Thus, this model selfconsistently relates the dynamics of the internal quark structure of a hadron to the relativistic mean fields arising in the nuclear matter.
In order to calculate the properties of finite hypernuclei, and the spinors of the bound states, we construct a simple, relativistic shell model, with the nucleon core calculated in a combination of self-consistent scalar and vector mean fields. The Lagrangian density for a hypernuclear system (Z) in the QMC model is written as a sum of two terms,
and
In Eqs. (1) and (2) and Q HY are the third component of the hyperon isospin operator and its electric charge in units of the proton charge, e, respectively.
The following set of equations of motion are obtained for the hypernuclear system from the Lagrangian density Eqs. (1)- (2): (Fig. 1a) and 15 . We use the nucleon and hyperon masses as parameterized in Ref. [33] with the corresponding parameters obtained therein. The scalar and vector fields as well as the spinors for hyperons and nucleons, can be obtained by solving these coupled equations self-consistently.
In order to provide further constraint on the ground state structure of calculated the cross sections for the production of this hypernucleus via the (K − , K + ) reaction on a 15 O target within an effective Lagrangian model (ELM) [32] , which is similar to that used in Ref. [50] to study the elementary production reaction, 1385), make the most significant contributions to the cross sections of the elementary process. Therefore, like in Ref. [32] , in our present study the amplitudes corresponding to these six resonant states have been considered.
We assume the initial proton bound state to have quantum numbers of the outermost 1p 1/2 proton orbit. The pure single-hole-single-particle (p −1 Ξ − ) configuration has been considered for the nuclear structure part that leads to the hypernuclear spectrum that is clearly divided into two groups: (1p In the calculations of the hypernuclear production cross sections with a particular ground state structure, the momentum space bound Ξ − spinors of that state enter into the calculations. In addition, the spinors for the bound proton in the initial state are also required.
These are the four component Dirac spinors, which are solutions of the Dirac equation for a bound state problem in the presence of external potential fields. They are calculated within the QMC model [33] . The use of bound state spinors determined within this model provides an opportunity to investigate the role of the quark degrees of freedom in the cascade hypernuclear production.
The proton and Ξ − spinors are represented by ψ(k p ) and ψ(k Ξ − ), respectively, later on.
We write
In our notation k i represents a four momentum, and k i a three momentum. 
where Y ℓm ℓ represents the spherical harmonics, and χ µ the spin-space wave function of a spin-
particle. In Eq. (9) ℓ ′ = 2j − ℓ with ℓ and j being the orbital and total angular momenta, respectively.
For the evaluation of the amplitudes corresponding to the processes shown in Fig. 1(b) , one requires the effective Lagrangians at the resonance-kaon-baryon vertices and the corresponding vertex coupling constants. In addition, also needed are the propagators for spin-1/2 and spin-3/2 resonances that connect the initial and final state vertices. They have all been described in Ref. [32] , and were taken to be the same in the present study. Full details of the calculations for the production cross sections of the Ξ − hypernuclei within the ELM are given in Ref. [32] and we refer to this article for further details.
II. RESULTS AND DISCUSSIONS
In Table I , we show the Ξ − single-particle energies for the 14 N nuclear core plus one Ξ − configuration for the hypernucleus 15 Ξ − C as predicted by the QMC model. The listed single-particle energy of a particular state can be equated with the Ξ − removal energy (or the binding energy) of the bound 14 N -Ξ − system for that state.
We note from this Table that the single-particle energy of the The scalar and vector mean fields calculated self-consistently within the QMC model that lead to these states are shown in Fig. 2 (a) . It may be recalled that in this model the scalar and vector fields are generated by the couplings of σ and ω mesons to light quarks.
Because of the different masses of these mesons and their couplings to the light-quark fields the scalar and vector fields can acquire different radial dependence. We note that both the scalar and vector QMC fields have their maxima away from the point r = 0 (center of the hypernucleus). In the mean field models of the finite nuclei the proton densities are somewhat pushed out as compared to those of the neutron, because of the Coulomb repulsion. In fact, the proton density distribution has a peak around 2 fm away from the In Fig. 2 (b) , we show the quantity -V scalar + V vector (V N R ) as a function of the radial distance r from the center of the nucleus. V N R should be compared with the corresponding Woods-Saxon Ξ − -nucleus potential of a non-relativistic theory [32, 34] . We note that at r = 0, the value of V N R is about -11 MeV for the s-state and -14 MeV for the p state. This is similar to the depth of the Ξ − -12 C potential assumed in Ref. [30] in order to interpret the observed spectrum of the (K − , K + ) reaction on a 12 C target. Interestingly, V N R has a dip around r = 2 fm. This is the consequence of the presence of an attractive Coulomb term in V vector , due to the pushed out proton density distribution from the center of the nucleus, as already explained.
We next discuss the production of the Fig. 1(b) , one requires the effective Lagrangians at the resonance-kaon-baryon vertices and the corresponding vertex coupling constants. In addition, the propagators for spin-1/2 and spin-3/2 resonances that connect the initial and final state vertices, are also needed. They have all been taken from the Ref. [32] . Furthermore, the spinors for the bound proton in the initial state as well as for the bound Ξ − in the final state also enter in these calculations.
They have been determined within the improved QMC model [33] . In Fig. 4 Refs. [32, 49] that within a given hole-particle configuration, states with higher angular momenta J have the larger cross sections. The configurations of the final hypernuclear states are as described in the figure captions. As stated earlier, the relative motions of K − and K + mesons in the initial and final channels, respectively, are described by the plane waves.
However, the distortion effects are approximately accounted for by introducing a reduction factor of 3.2 to the overall cross section, which is estimated in an eikonal-approximation based procedure as discussed in Refs. [54, 55] . This method primarily takes care of the absorption effects in the incoming and outgoing channels.
In Fig. 4 (a) we note that cross section rises sharply as the beam momentum increases above the reaction threshold. It peaks around p K − ≈ 0.78 GeV/c and falls off gradually as p K − increases further. This feature is reminiscent of the results obtained for the
12 Ξ − C (1 − ) reaction as shown in Ref. [32] . This is also similar to trends seen in the corresponding cross section of the elementary reaction p(K − , K + )Ξ − shown in Ref. [32] .
In both the cases the beam momentum distributions of the cross sections are relatively narrow.
In contrast, the beam momentum distribution of the cross sections for populating the 2 ).
In this case the cross section peaks around p K − ≈ 0.84 GeV/c, which is about 0.06 GeV/c higher than that of Fig. 4(a) . Also the absolute magnitudes of the cross sections are smaller in this case. This behavior has its origin in the differences in the momentum space spinors of the two states as a function of K Ξ − as shown in Fig. 3(b) . The momentum transfers 
III. SUMMARY AND CONCLUSIONS
In this paper, we studied the structure of the hypernucleus To confirm these interpretations of the Kiso event, we suggest to perform measurements on the production of 
